A p-cyanophenol and allylamine based benzoxazine has been synthesized and characterized. This benzoxazine has nitrile and allyl functionalities that can polymerize, resulting in a highly crosslinked material. The DSC spectra of novel benzoxazine monomer reveal that incorporation of the nitrile and allyl group greatly decreases the ring-opening temperature of oxazine rings (140°C). The IR spectra of curing process indicate that the polymerization of oxazine ring accompany with the curing reaction of allyl and nitrile groups. Benzoxazine monomers with one or none of the two functionalities were also prepared to study structure effect on thermal properties of resulted polymer. The comparison of results confirms that introducing the two functionalities improved glass transition temperature (238 °C), thermal stability of polybenzoxazine (T 5% =340 °C), and char yield (57%).
Introduction
Recently, a new polymer named polybenzoxazine has received considerable interest. This is because polybenzoxazines not only retain the advantages of traditional phenolic resin such as heat resistance, flame retardance, and good electrical property, but also exhibit unique characteristics like near-zero shrinkage upon cure, low water absorption, and excellent dimensional stability, which overcome the shortcomings of traditional phenolic resins [1] [2] [3] [4] . Furthermore, polybenzoxazines have a tremendous flexibility in molecular design for monomers and consequently a versatile performance for polymers. Now a big research challenge in polymbenzoxazine research filed is the development of high performance systems to meet the requirements of materials in aerospace and microelectronics industries.
In order to further improve the performance of polybenzoxazine, an effective approach is the incorporation of addition curable groups into benzoxzine monomers, such as ethynyl [5] [6] [7] , nitrile [8] [9] [10] , propargyl [11] and allyl [12] [13] [14] groups. This approach has increased the cross-linking density and successfully afforded polybenzoxazines with high glass transition temperatures in comparison with classical polybenzoxazines.
However, most of these investigations only related to the preparation of polybenzoxazines containing one type of curable group. There are few reports on the synthesis of polybenzoxazines with two types of curable groups so far.
Herein, we reported the synthesis of novel benzoxazine monomer with nitrile and allyl groups using p-cyanophenol, paraformaldehyde, and allylamine. The reason to choose nitrile and allyl groups is because recent research results reveal these two groups can greatly improve the glass transition temperature and thermal stability. Nitrile group also has electron-withdrawing effect and can decrease the polymerization temperature of the monomers [15] . In addition, all used raw materials are inexpensive and commercial. Therefore, the novel polybenzoxazines with high performance, low cost, and good processing property are expected and obtained.
Results and discussion

Synthesis and Characterization of monomers
A novel benzoxazine monomer containing nitrile and allyl groups was synthesized through the reaction of p-cyanophenol with allylamine in the presence of paraformaldehyde. The benzoxazine monomers with one or none functional group were also prepared for comparison (Scheme 1). Resonances at 3.99 and 4.94 ppm ascribed to the methylene protons of Ar-CH 2 -N and O-CH 2 -N were also observed, and the integral value is equal, indicating the formation of oxazine rings. In the IR spectra (Figure 2 ), formation of benzoxazine structure for N-al is also confirmed by absorptions at 1237 cm -1 (asymmetric stretching of C-O-C), at 1028 cm -1 (symmetric stretching of C-O-C), and at 930 and 1496 cm -1 (trisubstituted benzene ring attached with oxazine ring and trisubstituted benzene ring, respectively), and the existence of nitrile groups is confirmed by absorptions at 2217cm -1 (stretching of C≡N). The existence of allyl group was confirmed by absorption bands appeared at 3078 cm -1 (stretching of =C-H) and at 1642 cm -1 (stretching of C=C). Additionally, the out of plane bending vibrations of olefinic C-H were observed at 855 and 985 cm -1 , indicating the allyl groups [12] . As for the N-Ph, similar result was observed except for absence of allyl groups. 
Curing behavior of benzoxazine monomers
The thermal curing behavior of novel benzoxazine monomer N-al along with N-Ph, Mal and M-Ph was studied by DSC (Fig. 3 ).
In the DSC trace of monomer M-Ph, an exotherm due to oxazine-ring polymerization appeared with onset at 226 °C and maximum at 247 °C. As for the M-al, an exotherm with a wide shoulder was observed. The main exothermic peak corresponds to the polymerization of allyl groups and benzoxazine rings, and the shoulder probably due to the polymerization of remaining oxazine rings. Compared to the M-Ph, the onset and maximum temperatures of main exotherm peak decreased to 202 °C. This is mainly due to the low reaction temperature of allyl groups [14] . DSC thermogram of N-Ph shows two separate peaks: the main exotherm peak centered at 223 °C is followed by the broad exotherm at 350 °C. The first exotherm represents both oxazine-ring polymerization and a nitrile reaction, and the second exotherm represents the further reaction of remaining nitrile groups. It was noticed that the onset temperature of exotherm for N-Ph (207 °C) is much lower than that of M-Ph, suggesting that the incorporation of nitrile group into phenol structure of benzoxazine monomers reduced polymerization temperature. This can be ascribed to the existence of electron-withdrawing nitrile groups, which lead to a more acidic phenol species. Therefore, a stronger catalytic effect takes place [15] .
The DSC thermogram of N-al shows a exotherm with onset at 140 °C and maximum at 178 °C followed by a broad shoulder with maximum at 201 °C. The first exotherm might represent allyl and oxazine-ring polymerization and nitrile reaction, the second exotherm might represent the polymerization of remaining oxazine-rings and nitrile groups. This is also supported by FTIR spectra. As it is obvious from the figure, N-al shows the lowest onset temperatures of exotherm, suggesting that the introduction of nitrile and allyl groups into the benzoxazine monomer greatly decreased polymerization temperature of the monomer. The low onset temperature of N-al is supposed to be the result of double effect of allyl and nitrile groups. To identify the curing processes, IR spectra after each cure cycle of N-al was measured. The IR spectrum of N-al is shown Figure 4 . After curing at 140, 160, and 180 °C for 2 h each, the intensities of characteristic absorption bands due to allyl groups at 1642 cm -1 (stretching of C=C) disappeared, suggesting full polymerization of allyl groups. At the same time, the intensities of characteristic absorption bands due to benzoxazine structure at 931 cm -1 (trisubstituted benzene ring attached with oxazine ring), at 1028 cm -1 (symmetric stretching of C-O-C), at 1237 cm -1
(symmetric astretching of C-O-C), and at 1496 cm -1 (trisubstituted benzene ring) greatly decreased. On the other hand, new absorption bands at 1471 cm -1 due to the tetrasubstituted benzene ring appeared. All of these suggest that the ring-opening polymerization of benzoxazine precursors occurred and afforded polybenzoxazines. During the same curing stage, the intensity decrease of the band at 2217 cm -1 (astretching of C≡N) is observed. New bands at 1685 and 1645 cm -1 suggest the formation of -C=N-containing species on nitrile reactions. The two bands are believed to appear as a result of the reaction between nitrile and oxazine ring [9] .
After further curing at 200 and 230 °C for 2 h each, the intensities of characteristic absorption bands due to benzoxazine structure disappeared, suggesting full polymerization of benzoxazine. The band at 2217 cm -1 (astretching of C≡N) further decreased, while the band at 1645 cm -1 increased, indicating the further consumption of nitrile groups. On the other hand, new band at 1545 cm -1 due to formation of triazines was observed, and after post curing at 260°C for 6 h, the intensity of the band further increased.
It was also noticed that in the relatively low temperature range (from 140 to 180 °C), the consumption of nitrile mainly due to reaction with oxazine rings, while at high temperature range, the consumption of nitrile mainly due to formation of triazine.
Thermal properties of polybenzoxazines
Thermal properties of the polybenzoxazines were investigated by DMA (Fig. 5) and TGA (Fig. 6) , and the results are summarized in Table 1 . The DMA of the novel polybenzoxazine PN-al were examined along with the PN-Ph, PM-al and PM-Ph. The peak temperature of α transition of the loss modulus (E") at 1
Hz was taken as the glass-transition temperature (T g ) of the polymers. As it is obvious from the Table 1 , both PM-al and PN-Ph show much higher T g than PM-Ph. The introduction of allyl or nitrile group as a cross-linking site into benzoxazine monomer effectively increased cross-linking density of resulted polybenzoxazine. As a result, the T g 's of PM-al and PN-Ph were greatly improved. It was also noticed that the T g of PN-Ph is lower than that of PM-al. The possible reason is that only a part of nitrile groups polymerized during thermal curing, while allyl groups are fully consumed. The PN-al shows the highest T g at 229 °C as a result of high cross-linking density afforded by both nitrile and allyl groups. Thermal stability of the novel polybenzoxazines was investigated by TGA. Compared to PM-Ph, the 5 and 10% weight loss temperatures (T 5% and T 10% ) for M-al are increased by 43 and 33 °C, respectively,. This increase is attributed to the prevention of amines from volatizing at the initial stages of the degradation due to the cross linking [12] . For the same reason, the T 5% and T 10% for PN-al are as high as 340 and 370 °C, respectively.
The char yields at 800 °C of PN-al and PN-Ph are much higher than that of PM-al and PM-Ph. It is believed that the high char yields of PN-al and PN-Ph are the result of further thermal polymerization of the nitriles, which remained unreacted during the initial polymerization stage. It was also noticed that the char yield of PN-al and PM-al were less than that of PN-Ph and PM-Ph by ca. 3 and 5%, respectively. This is mainly due to the aliphatic cross-links resulted from the polymerization of allyl group which undergo decomposition at lower temperature [12] . The PN-al exhibits highest thermal stability, with T 5% and T 10% at 340 and 370 °C, respectively. In addition, the char yield of PN-al is as high as 57%.
Conclusions
A novel benzoxazine monomer containing nitrile and allyl groups was synthesized successfully. The ring-opening temperature of this benzoxazine monomer greatly decreased because of introducing nitrile and allyl groups into benzoxazine structure. The obtained polybenzoxazine shows high T g (238 °C), T 5% (340 °C) , and char yields (57%). Compared with polybenzoxazine with one or none curable group, the thermal properties of this novel polybenzoxazine was improved greatly.
Experimental part
Materials
The p-cyanophenol was purchased from Refine Chemicals Science and Technology Developing Company (Tianjin, China). Allylamine was purchased from Shandong Luyue Chemical Industry Company (Shandong, China). Other regents such as paraformaldehyde, p-cresol, and aniline were purchased from Sinopharm. Chemical Reagent Company (Shanghai, China). All chemicals were used as received.
Synthesis of benzoxazine monomers
Monomers 3 and 4 were synthesized and characterized by reported procedure [13] .
To a 500-mL flask, 59.5 g (0.5 mol) p-cyanophenol, 45.5 mL (0.5 mol) of aniline and 30.0 g (1 mol) paraformaldehyde was added, and the mixture was stirred at 110 °C for 30 min. The crude product was purified by rinsing with diethylether to afford white powder (84 g, 71%). 
To a 500 L three-necked flask, 59.5 g (0.5 mol) p-cyanophenol, 37.5 mL (0.5 mol) of allylamine and 200 mL of ethanol was added. Then the mixture was cooled in an ice bath. After 30.0 g (1 mol) paraformaldehyde was added portionwise with stirring in the ice bath, the temperature was gradually raised to reflux, and kept for 2 h. The solvent was removed with a rotary evaporator. The crude product was purified by recrystallizing from diethyl ether to afford pale yellow crystal.(67 g, 67%). 
Preparation of polybenzoxazine
The polymers were prepared by thermally activated polymerization of monomer in air-circulation oven. The monomer M-Ph was cured at 120 °C, 160 °C, and 200 °C for 2 h each. The monomer M-al was cured at 120 °C, 160 °C, 200 °C and 240 °C for 2 h each. The monomer N-Ph and N-al were cured by following procedure: 140 °C /2 h; 160 °C /2 h; 180 °C /2 h; 200 °C /2 h; 230 °C /2 h; 260 °C /6 h.
Measurements
Fourier transform infrared (FTIR) spectra were recorded on a 20SX spectrometer using KBr pellets. Proton nuclear magnetic resonance ( 1 H NMR) spectra were recorded on a Bruker Avance 300 instrument. Deuterated chloroform was used as solvent and tetramethylsilane was used as an internal standard. Elemental analysis was performed with an elemental analyzer Vario EI III. Differential scanning calorimetry (DSC) thermograms were recorded with a DSC822e instrument at a heating rate of 5 °C /min under N 2 atmosphere. Thermogravimetric analysis (TGA) was performed on a TA instrument SDT Q600 at a heating rate of 10 °C /min under N 2 atmosphere. The gas flow rate was 100 mL/min. Dynamic mechanical analysis (DMA) was taken on a Netzsch DMA 242 instrument, specimens with dimensions of approximately 16 × 10 × 2 mm 3 were tested in single cantilever mode with a frequency of 1 Hz, and the samples were heated at a rate of 3 °C /min from room temperature to 200-300 °C.
